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Abstract Japanese eels are widely distributed in
northeast Asian countries, and they have a catadro-
mous life history. In this article, we explored whether
Japanese elvers have temporal genetic structure and
whether the population went through population
expansion during the Pleistocene. In total, 273 spec-
imens were collected from the Tanshui River estuary,
northern Taiwan, in 1989–2008. The highly variable
region of the mitochondrial DNA D-loop was cloned
and sequenced. A genealogy was reconstructed based
on the Neighbor-joining method, and results showed
an unobvious yearly clade and a high level of
haplotype diversity, but low mean nucleotide diversity
among samples. Most of the pairwise FST appeared
statistically insignificant. These genetic parameters
suggested a lack of temporal population structure
combined with a sustainable high effective population
size of Japanese eels. Negative values of Tajima’s
D and Fu’s Fs appeared in all samples with high
significance. The mismatch distribution, skyline plot,
and minimum spanning network indicated that histor-
ical population expansion of the Japanese eel could be
traced back to the Pleistocene. Results of this study
imply the Japanese eel has a complex life history, and
the temporal structure of Japanese eels should be
continually monitored in the future.
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Introduction
Catadromous Anguilla eels globally include 16 spe-
cies and three subspecies that are distributed in the
Atlantic, West Pacific, and Indian Oceans (Teng et al.,
2009). Among them, the Japanese eel, Anguilla
japonica Temminck & Schlegel, 1846 is a kind of
freshwater eel which grows up in rivers of northeast
Asian countries but spawns in the sea. During its life
history, it goes through seven stages of embryo,
leptocephalus, glass eel, elver, yellow eel, adult, and
silver eel. Mature silver eels migrate to spawning
grounds (west of the Mariana Islands) from September
to February (Tsukamoto, 2006; Tzeng & Chang,
2001). After the eggs hatch out, they drift with the
North Equatorial Current to offshore of the Philippines
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and are then transported to northeastern Asian coun-
tries by the Kuroshio Current. They arrive on the Asian
continental shelf annually from November to April.
Japanese eels are an important fishery resource in
the world, and Taiwan was the largest eel-producing
country in the world in 1990 and 1991. More than
70,000 tons of eel products were exported, and the
economic value exceeded US$5 billion. Dekker
(2003) analyzed A. japonica elver abundances from
1950 to 2000 and showed that wild elver production
has continued to decrease since the 1970 s. Moreover,
Tzeng & Chang’s (2001) study on the catch of wild
Japanese eel elvers in coastal waters of Taiwan
showed that numbers of elvers exhibit cyclic fluctu-
ations every 10 years, and this temporal variation may
reflect changes in the genetic diversity of elvers.
Factors affecting temporal variations are many and
include climate change, overfishing, and habitat
destruction, all of which could have great impacts on
the catch and species richness of the species. Regret-
tably, the importance of temporal genetic diversity
does not seem to have garnered the attention it
deserves.
The genetic structure of the population of Japanese
eels is a subject that was widely studied by fishery
researchers. For example, Tseng et al. (2003) use
microsatellites to analyze temporal genetic variations
of Japanese eels in 1997–1999 and found that Japanese
eels exhibited high homogeneity between yearly
samples. In another study on the spatial genetic
structure of Japanese eel populations within northeast
Asian countries, Tseng et al. (2006) confirmed the
non-panmixia population hypothesis using data from
eight microsatellite loci. Recently, Chang et al. (2007)
also studied monthly genetic diversity fluctuations of
this species in a northern Taiwanese estuary using
polymorphic microsatellite loci and found no signif-
icant monthly genetic differentiation. Han et al.
(2008) explored the temporal genetic composition of
Japanese eels and pointed out overexploitation based
on the population size. Han et al. (2010) examined
variations of eight microsatellite loci at different time
and spatial scales and proposed a hypothesis of a
panmictic population for Japanese eel. Despite the
existence of all of these studies, little long-term
monitoring of genetic variations of this species has
been carried out to understand its temporal population
dynamics.
Molecular markers are tools widely used to study
population dynamics. The present patterns of molec-
ular marker variations and diversity are largely
attributed to effects of climatic oscillations in the
Pleistocene period (ca., 0.01–1.9 Mya) (Hewitt,
2000). Climatic oscillations produced changes in
temperature and current patterns, upwelling intensi-
ties, and coastal habitats (Lambeck et al., 2002).
During the last glacial maximum, the lowest the sea
level reached was about 130 m below the present sea
level (Xu & Oda, 1999). Western Taiwan was almost
completely isolated from the Pacific Ocean during
glaciation events. After the last glacial age, sea levels
rose, and a branch of the Kuroshio Current surrounded
western Taiwan. It is believed that western Taiwan
provides excellent natural settings to study the genetic
consequences of Pleistocene ice ages on popula-
tions of aquatic organisms. Therefore, catadromous
A. japonica carried by the Kuroshio Current should be
a good species to investigate the relatedness between
population expansion and ocean current changes since
the late Pleistocene.
In recent years, mitochondrial (mt)DNA, a kind of
molecular marker, was often used in phylogenetic and
population genetic studies because it has a stable gene
composition and evolves faster than nuclear genes
(Parsons et al., 1997). Furthermore, recombinations
rarely occur between mitochondrial genes (Simon
et al., 1994; Saccone et al., 1999). Abe et al. (2004)
analyzed partial DNA sequences of the mitochondrial
control region from 2100 specimens of chum salmon
Oncorhynchus keta (Walbaum, 1792) and found that
chum salmon were differentiated into Japanese,
Russian, and North American populations according
to those phylogenetic analyses. The genetic structure
of Anaecypris hispanica (Steindachner, 1866) in the
Guadiana River of the Iberian Peninsula was also
studied by analyzing DNA sequences of mitochondrial
cytochrome b and the control region. Results sug-
gested that the population of Ana. hispanica had
experienced a bottleneck effect because of habitat loss
during the past 20 years on the Iberian Peninsula.
Pronounced genetic differentiation among nine tribu-
tary populations was also observed and was believed
to have resulted from geographic isolation. From those
studies, researchers concluded that Ana. hispanica
urgently needs to be conserved and restored (Alves
et al., 2001). Ma¨kinen & Merila¨ (2008) proposed
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population expansion in the three-spined stickleback
Gasterosteus aculeatus (Linnaeus, 1758) from multi-
ple glacial refugia with high haplotype diversities
(hd = 0.98) and star-like mtDNA genealogies.
The Japanese eel is an important fish in Northeast
Asia. In order to clarify the population structure of
Japanese eel, it is necessary to monitor long-term
fluctuations in genetic diversity. Here, our objectives
were to investigate (1) whether Japanese eel elvers
have temporal genetic structure, and (2) whether the
population went through a historical population
expansion. These data would be beneficial for under-
standing the abstruse population biology of the
Japanese eel in the future.
Materials and methods
Sampling design
In total, 273 A. japonica elvers from nine temporal
samples were collected by hand-operated dip netting
in the Tanshui River Estuary at Shalung (121250E,
25100N) of northern Taiwan over 9 years from 1989
to 2008 (Fig. 1; Table 1). After capture, elvers were
immediately preserved in 95% ethanol until their
DNA was extracted.
Molecular procedures
DNA was extracted from about 5–10 mg of muscle
tissue using a PUREGENETM DNA Purification kit
(Gentra Systems, Nottingham, UK). About 475 bp of
the hypervariable region (HVR) of the mtDNA D-loop
sequence was amplified and sequenced from 28–32
specimens of each sample. Primers, L15774 (50-ACA
TGAATTGGAGGAATACCAGT-30) and H16498
(50-CCTGAAGTAGGAACCAGATG-30), previously
published by Ishikawa et al. (2001) were used to
amplify the fragments. The full lengths of all HVR
sequences within 273 individuals ranged 467–484 bp
(Table 1). This segment corresponds to nt 15,719–
16,191 of the Japanese eel mitochondrial genome (NC
002707). Sequences were submitted to EMBL under
accession numbers AM997179-258, AM990956-965,
and JN581384-570 (Table 1). A polymerase chain
reaction (PCR) was performed in a volume of 50 ll
including 2–4 ng genomic DNA, 109 PCR buffer,
5 mM dNTP, 1 mM MgCl2, 20 pmol of the L15774
and H16498 primers, and 2 U of Taq polymerase
(Takara, Shiga, Japan). Amplification was performed
in a Px2 Thermal Cycler (Thermo Fisher Scientific,
Waltham, MA, USA) programmed with the following
schedule: initial denaturation at 95C for 5 min; then
42 cycles of denaturation at 94C for 30 s, annealing at
56C for 40 s, and extension at 72C for 50 s;
followed by a final extension at 72C for 10 min. In
total, 8 ll of each PCR product was examined on a
1.0% agarose gel to check the PCR success and
confirm the product sizes. The DNA fragment from a
residual PCR product was isolated with a Gene Clean
III elution kit (Bio 101, La Jolla, CA, USA). Purified
DNA was subcloned into the pGEM-T easy vector
(Promega, Madison, WI, USA) and transformed into
the Escherichia coli JM109 strain. Plasmid DNA was
isolated using a mini plasmid kit (Geneaid, Taichung,
Taiwan). Clones from 273 individuals of A. japonica
were sequenced on an Applied Biosystems (ABI,
Foster City, CA, USA) automated DNA sequencer 377
(3.3) using a Bigdye sequencing kit (Perkin-Elmer,
Wellesley, MA, USA). T7 or SP6 primers were used in
the sequencing reaction, and the PCR cycle parameters
for sequencing were 35 cycles of 30 s at 95C, 30 s at
50C, and 1 min at 72C.
Analyses of mtDNA sequences
Nucleotide sequences were aligned with the program,
CLUSTAL W (Thompson et al., 1994), and align-
ments were verified by eye. The number of polymor-
phic sites including substitutions and indels was
estimated using Arlequin vers. 3.5 (Excoffier &
Lischer, 2010). Parsimoniously informative and single
25°
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N
Fig. 1 Samples collected from the Tanshui River estuary,
northern Taiwan
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mutations were calculated by DnaSP vers. 4.5 (Rozas
et al., 2003). Levels of inter- and intra-sample genetic
diversity of whole sequences were quantified by
indices of haplotype diversity (hd) and pairwise
estimates of nucleotide divergence (dij) both among
and within samples. Differences in nucleotide diver-
sity among yearly samples were examined using
Hutcheson’s (1970) t test. It is desirable to test the null
hypothesis that the diversities of the two sampled
populations are equal. The average number of nucle-
otide substitutions per site and pairwise differences (p)
between samples was determined using DnaSP.
Genetic distances among samples were analyzed by
the Kimura-2-parameter (K2P) method. The best-
fitting models of substitution were determined with
MODELTEST 3.7 (Posada & Crandall, 1998) using
the Akaike information criterion (AIC). The TVM ?
G model with gamma = 0.3292 (-ln L = 4228.9858;
AIC = 8473.9717) was chosen as the best-fitting
model. Phylogenetic trees were constructed using the
Neighbor-joining (NJ; Nei & Kumar, 2000) method in
the MEGA program (Tamura et al., 2007). The
confidence of each node of the tree was tested by
bootstrapping (Felsenstein, 1985) with 1000 repli-
cates. Nodes with bootstrap values of [ 70 were
significantly supported by a C95% probability (Hillis
& Bull, 1993). An exact test of genetic differentiation
between temporal samples was also estimated using
FST (Raymond & Rousset, 1995).
When HVR sequences contained many single-
mutation sites, we used an analysis of restriction sites
to determine ancestral and derived haplotypes. All
restriction enzyme (RE) maps of 273 sequences were
constructed with the BioEdit program (Hall, 1999).
RE haplotypes were defined as a combination of the
presence or absence of various restriction sites. We
computed minimum spanning trees (MSTs) (Kruskal,
1956; Prim, 1957) between RE haplotypes. The MSTs
were calculated from the matrix of pairwise distances
using a modification of the algorithm described in
Rohlf (1973).
We estimated h using whole sequences by the
Bayesian approach implemented in the program,
LAMARC (Kuhner, 2006). Assuming that the popu-
lation is in equilibrium, female effective population
sizes (NEF) for the Japanese eel were estimated by
replacing h in the equation, NEF = h/2l, where l is the
mutation rate per site per generation.
Assay of historical population expansion
Fu’s Fs (Fu, 1997) and Tajima’s neutrality tests
(Tajima, 1989) using whole sequences were per-
formed in Arlequin 3.5 (Excoffier & Lischer, 2010).
The significance of the statistics was tested by
generating random samples under a hypothesis of
selective neutrality and population equilibrium, using
a coalescent simulation algorithm adapted from
Hudson (1990). Fs is particularly sensitive to past
population expansions, and may generate large
negative numbers due to the predominance of new,
rare haplotypes in the sample. Tajima’s test is based on
the infinite-site model without recombinations. A
significant D value can be due to factors other than
selective effects, like population expansion, a bottle-
neck, or heterogeneity of mutation rates (Tajima,
1996).
The possible occurrence of historical demographic
expansion was also examined using whole sequences
by the mismatch distribution (Schneider & Excoffier,
1999) implemented in Arlequin 3.5. The distribution is
multimodal in samples drawn from populations at
demographic equilibrium, but it is unimodal in popu-
lations following a population demographic expansion
(Rogers & Harpending, 1992). Rogers’ (1995) param-
eters of the mismatch distribution or the demographic
expansion, s, h0, and h1, are estimated by a generalized
nonlinear least-squares approach, and 95% confidence
intervals of the parameter are computed using a
parametric bootstrap approach (Schneider & Excoffier,
1999). s is an index of time since expansion expressed
in units of mutational time (Slatkin & Hudson, 1991).
We transformed the value of s to an estimate of time
since expansion with the equation s = 2lt, where l is
the rate of mutation per gene per generation, and t is the
number of generations since expansion. The goodness-
of-fit of the estimated distribution was compared to that
predicted by a sudden expansion model using 16,000
computer simulations (Excoffier, 2004) and the asso-
ciated raggedness index (r) (Harpending, 1994). The
significance of the observed data to the predicted
distribution modeled for sudden expansion growth was
assessed using a sum of squared deviations (SSD)
method.
Past population dynamics of the Japanese eel
population was also estimated with a Bayesian skyline
plot model with all whole sequences using BEAST
Hydrobiologia (2012) 683:203–216 207
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vers. 1.2 (Drummond et al., 2005). The Bayesian
skyline plot model generates a posterior distribution of
effective population sizes through time using Markov
Chain Monte Carlo (MCMC) sampling. We used the
HKY substitution model. The median and correspond-
ing credibility intervals of the Bayesian skyline plot
were depicted using Tracer vers. 1.5 (available at
http://beast.bio.ed.ac.uk/).
Results
Sequence analysis
In total, 239 variable sites distributed over HVR
sequences included 110 (46.03%) parsimoniously
informative sites and 129 (53.97%) single-mutation
sites. The mean proportion of A ? T within all
sequences was 70.17%, thus proving it to be an
AT-rich segment. All variable sites among the 273
sequences included 60 indels and 293 substitutions.
The number of polymorphic sites in each sample
ranged 51 (1995)–81 (2000). The number of observed
sites in each sample with substitutions ranged 40
(2008)–59 (2005), and indels ranged 9 (1991)–28
(1989) (Table 1). The mean ratio of transitions to
transversions for all 273 sequences was 5.37.
Genetic diversity and topology
In total, 250 haplotypes were found in 273 sequences,
and the haplotype diversity (hd) was 0.916. Ten
identical haplotypes were found in 33 specimens
(Fig. 2). The nucleotide divergence (dij) within all
sequences was 0.016, and in each sample, it ranged
0.013 (1995)–0.020 (2000) with an average of 0.016
(Table 1). All t values estimated from Hutcheson’s
(1970) t test ranged 1.067–1.610 and were statistically
insignificant. Consequently, we could not reject the
null hypothesis that the diversities of these samples
were equal. The number of pairwise differences (p)
between samples ranged 5.984 (1991 vs. 1995)–8.759
(2000 vs. 2007) (Table 2), within an average of
7.291 ± 0.719. The average number of nucleotide
substitutions per site between samples ranged 0.012
(1991 vs. 1995, 1991 vs. 2008, and 1995 vs. 2008)–
0.017 (2000 vs. 2005 and 2000 vs. 2007) (Table 2).
Genetic distances were calculated for all haplotypes
based on the K2P method. Pairwise comparisons of
haplotype distances ranged 0.002–0.042 with an aver-
age of 0.016 ± 0.002. K2P genetic distances between
samples ranged 0.013 (1995 vs. 2008)–0.018 (1990 vs.
2000, 2000 vs. 2003, 2000 vs. 2005, and 2000 vs. 2007)
(Table 3). Genetic differentiation indices between
samples, FST, were estimated and ranged -0.010
(2000 vs. 2008)–0.028 (1991 vs. 2008) (Table 3). Only
six of 45 pair-wise FST values between samples were
statistically significant (P \ 0.05).
The topology of the NJ tree of Japanese eel HVR
sequences was shallow, and there were no significant
genealogical branches or clusters of samples
Fig. 2 Neighbor-joining (NJ) tree reconstructed from ran-
domly selected mitochondrial haplotypes. The scale bar
indicates the nucleotide diversity between sequences. The
bootstrapping value of each branch is shown in front of the node
Table 2 Average number of nucleotide substitutions per site between samples listed below the diagonal and average pairwise
differences between samples listed above the diagonal
1989 1990 1991 1995 2000 2003 2005 2007 2008
1989 7.463 7.252 6.837 6.622 8.313 7.530 7.743 7.948 6.665
1990 0.014 7.060 6.610 6.470 8.069 7.333 7.460 7.702 6.456
1991 0.014 0.013 6.176 5.984 7.805 6.987 7.138 7.298 6.171
1995 0.013 0.013 0.012 5.884 7.612 6.830 6.982 7.146 6.005
2000 0.016 0.016 0.015 0.015 9.131 8.299 8.539 8.759 7.405
2003 0.015 0.015 0.014 0.013 0.016 7.593 7.779 7.942 6.664
2005 0.016 0.015 0.014 0.014 0.017 0.015 7.903 8.148 6.861
2007 0.016 0.015 0.014 0.014 0.017 0.016 0.016 8.333 7.132
2008 0.014 0.013 0.012 0.012 0.015 0.013 0.014 0.014 5.816
Diagonal elements are the average number of pairwise differences within each sample
c
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1990-24
2007-20
1989-15
1995-22 2005-11
2005-29
1991-1 1991-6 1995-19 1995-26 2000-16
2000-15
2003-21
2008-30
1989-35
1990-30
2000-45
2007-45
1995-5
1991-29 1995-18 1995-29
2008-15
2003-20
2005-25
2007-25
2000-1
2008-35
1991-2
1995-10
2000-21
2008-20
2007-1
2007-21
1990-17
2005-41
1991-21
1990-43
1991-5
1991-25
2003-30
1989-1
2008-11
2005-1
2003-19
2005-5
2000-41
1989-45
1995-25
2003-25
1990-10
2003-1
2007-12 2007-48
2003-26
2007-5
1990-20
2007-11
1989-20
2000-49
2005-35
1991-15
2008-31
1990-25
2005-18
1990-37 1991-35
1990-38 1995-30 2003-27 2008-16
1989-26
1990-15 1995-1
2003-9
2005-10
2005-20
1989-5
1990-7
2007-40
2000-10
2003-5
1990-34 1991-16
2003-10
2008-25
2008-5
1989-6 1990-26 2000-20 2000-50 2003-14
2008-2 2008-8 2008-34
1991-14 1991-32 2008-3
2008-3
1989-40
2008-1
2000-30
2005-45
1995-15
1990-35
2003-11
A. marmorata
98
63
85
59
86
67
84
63
64
54
62
63
0.05
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corresponding to sampled years. Typically, specimens
from a sample were scattered throughout the tree. Ten
polymorphic homological restriction sites were deter-
mined in 273 HVR sequences of this species. In total,
28 RE haplotypes were identified based on these
dominant markers (Appendix in Supplementary mate-
rial), with a haplotype diversity of 0.103. Haplotypes A
and B were the most commonly recorded haplotypes
and were present in all temporal samples (Table 4).
Haplotype relationships were inferred from the MST.
The overall frequencies and relationships among the 28
haplotypes are presented on the network (Fig. 3). The
MST of the Japanese eel was characterized by a
reticulate phylogeny. Some rare haplotypes were
located at the tips and linked to common haplotypes.
Effective population size
The median h estimates ranged 0.785–8.419 in the
nine samples with an overall value of 9.568 (Table 1).
Using mutation rates (l) for the mitochondrial control
region estimated from fish, ranging from 2–6.41% per
site per million years (Donaldson & Wilson, 1999;
Messmer et al., 2005; Timm et al., 2008), and a
conservative estimate of the generation time of
5–8 years for the Japanese eel (Tzeng, 1986), the
genetically effective female population sizes (NEF) in
9 years ranged 2.61 9 103–5.6 9 104 (Table 1).
Historical population dynamics
Genetic profiles of the Japanese eel indicated recent
population expansions. Negative values of Tajima’s
D and Fu’s FS appeared in all samples with high
significance (P \ 0.02) (Table 5). The mismatch
distribution of Japanese eel was unimodal and
matched the expected distributions under an expan-
sion modal. The estimated effective population size
after expansion (h1) was more than 2000-fold higher
than that before expansion (Table 5). The timing of
this expansion estimated from s = 6.465 began at
about 0.11–0.35 Mya. The raggedness index
(r) ranged 0.005–0.012 in each sample and 0.004 in
all specimens (P [ 0.3) indicating that the sudden
expansion model could not be rejected. The resulting
output of the MCMC analysis of the Japanese eel
population using the Bayesian skyline plot model is
summarized in Fig. 4. According to the plot, the
Japanese eel population experienced rapid population
growth around 0.09–0.25 Mya.
Discussion
Sequence characterization
The average nucleotide compositions of the HVR of
mtDNA consisting of AT-rich ingredients were sim-
ilar to those of mullet Mugil cephalus Linnaeus, 1758
(Rocha-Olivares, 2005) and boga Leporinus elongates
Valenciennes, 1850 (Martins et al., 2003). Variable
sites in the HVR sequences of Japanese eel were about
11% (54 variable sites in 487 bp, n = 31) and 17% (81
variable sites in 466 bp, n = 51) in respective studies
by Sang et al. (1994) and Ishikawa et al. (2001).
However, our results showed a higher ratio of variable
Table 3 Mitochondrial FST values listed below the diagonal and Kimura two-parameter (K2P) genetic distances between samples
listed above the diagonal
1989 1990 1991 1995 2000 2003 2005 2007 2008
1989 *** 0.016 0.015 0.014 0.017 0.016 0.016 0.016 0.014
1990 -0.001 *** 0.015 0.015 0.018 0.016 0.016 0.016 0.014
1991 0.002 -0.001 *** 0.014 0.017 0.016 0.015 0.015 0.014
1995 -0.008 0 -0.008 *** 0.017 0.015 0.015 0.015 0.013
2000 0.002 -0.004 0.018* 0.013* *** 0.018 0.018 0.018 0.016
2003 0 0.001 0.014* 0.013 -0.008 *** 0.016 0.016 0.014
2005 0.008 -0.003 0.013* 0.013 0.003 0.004 *** 0.016 0.014
2007 0.006 0.001 0.005 0.005 0.003 -0.003 0.004 *** 0.014
2008 0.004 0.003 0.028* 0.026* -0.010 -0.006 0 0.008 ***
* Indicates a significance level of P \ 0.05
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sites than those previous reports. This might be
attributable to the sampling effect and by not consid-
ering that temporal samples may exhibit higher
genetic variations than spatial samples, because the
temporal nucleotide diversity of the Japanese eel
population in this study was only slightly higher than
the spatial genetic diversity (1.25%) found in a study
by Sang et al. (1994).
A high level of hd estimated from overall temporal
samples was slightly lower than the hd (96%) from
studies of spatial samples (Sang et al., 1994; Ishikawa
et al., 2001). The marine Japanese flounder Paralich-
thys olivaceus (Temminck & Schlegel, 1846) has a
higher hd (98%) than the Japanese eel. The migratory
swordfish Xiphias gladius Linnaeus, 1758 has a
median level of hd (62%) due to strong gene flow
among samples (Bremer et al., 1996). To compare
nucleotide diversities, dij, that of the pelagic migratory
swordfish is 3.8% (Bremer et al., 1996), the bathyal
Japanese flounder is 4.3% (Fujii & Nishida, 1997), and
the amphidromous ayu Plecoglossus altivelis altivelis
(Temminck & Schlegel, 1846) is 3.2% (Iguchi et al.,
1999). Although the Japanese eel had a lower dij than
the above-mentioned fish, the very high hd suggests an
accumulation of mutations in a rapidly growing
population after genetic drift effects; however, it isT
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Fig. 3 Minimum spanning network of 28 haplotypes recon-
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otherwise uncommon within most marine species. The
pattern of a high level of hd and a low level of dij seems
more common in freshwater fish, e.g., three-spined
stickleback (G. aculeatus) and kooey fish Onychos-
toma barbatulum (Pellegrin, 1908) (Ma¨kinen &
Merila¨, 2008; Wang et al., 2004). The genetic
information provides good evidence to explain why
Anguilla eel is more similar to freshwater fish.
Genetic structure
Past studies of the genetic structure of the Japanese eel
always focused on spatial differences among samples.
Two previous reports on mtDNA showed no signif-
icant genealogical clades from samples of distant
localities in northeast Asian countries (Sang et al.,
1994; Ishikawa et al., 2001). In recent years, numerous
reports explored temporal genetic variations of fish
populations (Tseng et al., 2003; Lage & Kornfield,
2006; Chang et al., 2007; Han et al., 2008, 2010). In
this study, when we attempted to distinguish annual
samples using the NJ topology of 273 HVR sequences
with the bootstrapping test, the grouping of the tree
seemed to exhibit unapparent yearly clades with low
bootstrap values. Most Fst values between samples
also presented statistically insignificant levels. These
results suggested that A. japonica could have a
complicated population structure due to its diverse
life history. Although some specimens shared the
same haplotypes, e.g., specimens 1991-1, 1995-19,
and 2000-16 had uniform HVR sequences, and both
specimens 1990-7 and 2007-40 had identical
sequences, most of them did not share identical
tRNAThr or tRNAPro gene sequences (data not shown).
This seems to indicate that they do not share a recent
female ancestor, and identical control region
sequences should be the result of random point
mutations.
Tseng et al.’s study (2003) reported that there was
no genetic differentiation of Japanese elvers in north-
ern Taiwan during 1997–1999. A similar result was
also found by Han et al. (2010). They investigated
changes in allelic frequencies of Japanese eel recruit-
ment events using six microsatellite loci and found
that genetic differentiation among temporal samples
was very low, and there were no overall significant
differences in either allelic richness or genetic heter-
ozygosity among annual recruitment events. Similar to
the results from those two studies, this study alsoT
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found that the Japanese eel lacks a temporal genetic
structure. Several studies compared the genetic pattern
of Japanese eel with those of other Anguilla species.
For example, investigating temporal genetic variations
of European elvers from six geographic regions in the
Atlantic and Mediterranean during three consecutive
years, Maes et al. (2006) found low but significant
genetic differentiation among their temporal samples.
Pujolar et al. (2006) found significant genetic differ-
entiation among inter-annual and intra-annual arrival
recruits of the European eel with genetic patchiness.
However, the environment of their studies was
dissimilar to that of the Japanese eel. Different life
history patterns exist in Anguilla species, and they
may have resulted in diverse genetic structures. For
example, using an otolith analysis, Shiao et al. (2003)
found that euryhaline A. japonica could survive in
different habitats, from fresh water to seawater, and
brackish water was their overwhelmingly dominant
habitat. The question of whether different aquatic
environments result in different life histories still
remains unsolved and is worthy of further study.
However, according to researchers (Bremer et al.,
1996; Iguchi et al., 1999), the Japanese eel has lower
nucleotide diversity than other migratory marine
fishes because of its multiple life cycles, which result
in possible increases in its temporal dispersal, and a
decrease in temporal genetic differences.
Various life histories of the Japanese eel may result
from indeterminate and flexible growth. According to
our experience, in spite of the same living conditions,
when elvers were fed in a tank, they exhibited different
growth rates. This indeterminate growth rate may
influence their maturation age and life-span. Another
factor that may affect their genetic structure is growth
flexibility, which is an indication of diverse growth
rates in different generations resulting from environ-
mental changes. Japanese eel larvae are carried to
northeast Asian countries by the North Equatorial
Current and Kuroshio Current. These Pacific current
systems suffer radical changes during El Nino and La
Nina phenomena, which caused great damage to
fisheries. Cyclic alterations in the catch of Japanese eel
elvers are considered to be related to these phenom-
ena. However, these climate changes have caused
diversity in the timing of Japanese eel elvers recruit-
ment and decreased population abundances (Kim
et al., 2007).
Fig. 4 A Bayesian skyline plot estimated from an alignment of Japanese eel sequences. The solid line indicates the median estimate,
whereas the gray lines indicate the 95% credibility intervals
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Population dynamics
Haplotype diversity in the Japanese eel is extremely
high which indicates that the population has been
consistently large for a long period of time. Our
estimate of total NEF for the Japanese eel was
\3.179 9 104–6.36 9 104 females. Not enough
information is known about the breeding system of
the Japanese eel. If a 1:1 sex ratio of this species (a
monogamous mating system) is assumed, long-term
effective female and male population sizes should be
roughly equal, with a total genetically effective
population size (NE) of \6.358 9 10
4–1.272 9 105
eels.
In this study, negative Fu’s and Tajima’s D values
were significant for all samples, and excesses of rare
haplotypes existed as expected from mutation-drift
disequilibria during population expansion (Tajima,
1989; Fu, 1997). We estimate that a historical
population expansion of the Japanese eel occurred
6.88 9 104 generations ago. The generation time of
the Japanese eel is *5–8 years (Tzeng, 1986), so the
time of the population expansion can be considered to
have begun 0.34–0.55 Mya. During the Pleistocene
(0.01–1.9 Mya), repeated glaciations restricted the
distribution of aquatic fauna during warmer intergla-
cial periods (Taberlet et al., 1998; Hewitt, 2000). The
recolonization ability of marine species during
warmer interglacial periods heavily depended on the
availability of suitable current flow conditions but also
on ecological characteristics of species. During the last
glacial maximum, when the sea level was at its lowest,
about 130 m below the present sea level, an extensive
area of the continental shelf of the East China Sea was
exposed (Xu & Oda, 1999). The path of the Kuroshio
Current was forced to migrate east due to the
emergence of the Taiwan-Ryukyu land bridge (Ujiie´
et al., 2003). When the glacial period ended and sea
levels rose, the Kuroshio branch drifted west towards
Taiwan. Japanese eel elvers expanded to the Tanshui
estuary with help from this branch. In the late
Pleistocene, population expansion of the Japanese
eel occurred as expected according to the results of the
mtDNA data analysis. Rapid population growth
caused the haplotype diversity of the Japanese eel to
increase ([90%) compared to common marine fishes
(swordfish, 62%). The reticular genealogy of the
Japanese eel and results of the skyline plot indicate a
recent population expansion. In addition, the shallow
phylogeny of the NJ tree is consistent with a popula-
tion expansion after a bottleneck (Slatkin and Hudson,
1991).
Three-spined stickleback (G. aculeatus) popula-
tions have star-like mtDNA genealogies, which also
suggest a recent population expansion from the
formerly glaciated aquatic environment (Ma¨kinen &
Merila¨, 2008). Liu et al. (2006) also suggested
population expansion of the Japanese anchovy
Engraulis japonica Temminck & Schlegel, 1844 and
Australian anchovy E. australis (White, 1790) in the
late Pleistocene based on an analysis of the mtDNA
control region. Those results prove that mtDNA can be
used as an effective marker to trace population
dynamics of the Japanese eel back to the Pleistocene.
In conclusion, although the elver catch has signif-
icantly declined since the 1970s, by examining the
temporal genetic diversity of mtDNA from A. japon-
ica, we found that the population lacks a temporal
structure. Moreover, the population has a high level of
haplotype diversity which indicates that the species
still maintains a high effective population size. We
also want to point out that mtDNA is a helpful tool for
tracing the historical population dynamics of the
Japanese eel and inferring that the fish has experienced
a population expansion since the late Pleistocene. To
understand the population biology of the Japanese eel,
we suggest that the temporal structure of Japanese eels
should be continually monitored in the future.
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